Abstract. A twelve-port dual-polarized multiple-inputmultiple-output (MIMO) log
Introduction
Ultra-wideband (UWB) applications have remained one of the most rapidly developing technologies in wireless applications, since the Federal Communication Commission (FCC) has assigned an unlicensed 3.1-10.6 GHz bandwidth. The Multiple-Input-Multiple-Output (MIMO) technology has incomparable advantages in improving the wireless link transmission capacity and reliability. Combining MIMO technology with UWB technology is an efficient way to decrease multipath fading in UWB systems [1] .
Researchers have proposed various decoupling methods in the recent years [2] [3] [4] [5] [6] [7] , such as using electromagnetic band-gap (EBG) structure [2] , placing a tree-shaped parasitic structure on the antenna ground [3] , using a T-shaped protruded ground stub [4] to minimize the mutual coupling between radiating elements, a complementary split-ring resonator (CSRR) etching on the antenna ground [5] . The antenna in [6] does not have any decoupling structure; the high isolation performance has been achieved by the asymmetrical and complementary structures of the quasi-selfcomplementary antenna (QSCA).
Some MIMO antenna arrays have been presented in last few years [7] [8] [9] [10] . In [7] and [8] , a three port MIMO Yagi-Uda antenna array with integrated balun structure and a novel six-port MIMO array antenna with high port isolation have been proposed. These two arrays were used for WLAN system, more importantly, these arrays could not support beam-switching and dual-polarization. On the other hand, two twelve-port dual-band dual-polarized MIMO array antennas were proposed in [9] and [10] , respectively. Although, these two array antennas could support beam switching and dual-polarization, but could not be applied to the UWB systems.
In this paper, a twelve-port dual-polarized MIMO LPDA antenna for UWB applications in a size of 240 × (150 + 45 3 ) × 45 mm 3 is proposed. The design process and geometry of the proposed MIMO LPDA antenna is illustrated in Fig. 1 and Fig. 2 , respectively. First, six horizontal LPDAs (H1-H6) are placed in rotating arrangement with an equal angle of 60° on the top and bottom face of an FR4 substrate to encircle the hexagon ground. Then, other six vertical LPDAs (V1-V6) are inserted into the corresponding slot etched on the diagonal of the substrate. Besides, all twelve antennas share a hexagon common ground on the back of substrate and feed by micro-strip line. Compared to the previous MIMO array antennas in [8] [9] [10] [11] , this MIMO LPDA antenna has the superiority of a novel antenna structure, UWB band, higher isolation, higher antenna gain and better MIMO performance.
Antenna Design

LPDA Antenna Element
In this MIMO LPDA antenna, LPDA antenna is chosen as the antenna element due to its advantage of high gain and directional radiation pattern. Figure 3 shows the geometry of LPDA element. The LPDA antenna consists of 13 different dipoles named as arm 1, arm 2, arm 3... arm 13 respectively, which are printed on top and bottom side of a 75 × 45 × 1.6 mm 3 FR4 (loss tangent of 0.02 and dielectric constant of 4.4) substrate and fed by micro-strip line.
First, the number of dipole N, the spacing factor σ, the scale factor τ are three key parameters in the design process of a log-periodic antenna, where σ = 0.14, τ = 0.85 and N = 13 are selected in the proposed LPDA.
Second, the first resonance frequency f l of log-periodic dipole antenna depends on the length of the longest dipole and could be calculated by the formula (1) and (2) [10] ,
where c is the speed of light, L max is the length of the longest dipole and  r is the relative dielectric constant of the substrate, h is the height of substrate and W max = 3.6 mm is the width of the longest dipole. To obtain the UWB characteristic, the first resonance frequency f l is chosen as 3 GHz. Then, on the basis of (1) and (2), the calculated L max is 18 mm approximately.
Finally, after confirming the length and width of the longest dipole, the dimensions of remainder dipoles and the distance between the two adjacent dipoles can be computed according to the scale formula (3) and (4) [10] ,
The ultimate parameters of the LPDA antenna element are illustrated in Tab. 1. 
Dual-Polarized Characteristic
The dual-polarized characteristics of the proposed MIMO LPDA antenna are obtained by the orthogonal arrangement between horizontal LPDA element and vertical LPDA element. In other words, any two perpendicular LPDA elements produce an orthogonal current on the MIMO array, which results in dual-polarized electric field in the far field. Figure 4 illustrates the simulated electric field distributions at 4 GHz in the far field region when port H1 and V1 are excited, respectively. Figure 4 shows that main electric field is vertical polarized when H1 is excited. However, when V1 is excited, most electric field transforms to horizontal polarized, as shown in Fig. 4 , which is consonant with the predicted electric field in the far field region.
Beam Switching Characteristic
Beam switching characteristics is the particularity of the proposed MIMO LPDA antenna. Figure 5 shows simulated 3D radiation pattern of the MIMO LPDA antenna at 4 GHz when port H1, V2, H4 and V5 is excited, respectively. It is shown in Fig. 5(a) when port H1 is excited, the radiation beam is directed towards -y direction in xoy plane along the H1 LPDA element. On the other hand, when port H4 is excited, the radiation beam transforms to the +y direction, along with the H4 LPDA element, see Fig. 5(b) . Namely, the radiation beam shifts to the corresponding direction when different ports are excited. Thus, the presented MIMO LPDA antenna using LPDA as an antenna element has twelve fixed beams for twelve directions could be selected to decrease the interference by turning on/off the corresponding port, which is an effective way to overcome the mitigate interference from other wireless systems.
Measured Results and Discussion
S-parameters
The proposed MIMO LPDA antenna have been fabricated and the S-parameters of the proposed antenna measured with Field Fox N9918A microwave network analyzer to verify predicted characteristics, employing a coaxial cable at the desired antenna port and connecting the others to 50  loads, as illustrated in Fig. 6 . Figure 7 shows measured S 11 of the MIMO LPDA antenna when port H1~H6, V1~V6 is measured, respectively. Measured results indicate that all LPDA elements operate from 2.8 GHz to 11 GHz with S 11 < −15 dB. Some discrepancies can be seen in S 11 curves when different ports are measured, which may be caused by the different manufacture tolerance and SMA connectors.
The isolation between random two LPDA elements of the MIMO LPDA antenna can be efficiently illustrated by S H1H2 , S H1H3 , S H1H4 , S H1V1 , S H1V2 , S H1V3 , S V1V2 , S V1V3 and S V1V4 due to the symmetry structure of the MIMO antenna. Figure 8 shows that the isolation between the two random LPDA elements is more than 40 dB in the operating frequency band. In some low-frequency spectrum, the isolation is less than 40 dB but more than 30 dB.
The radiation performance of the MIMO LPDA antenna is measured in the one of the largest anechoic chamber in China, as shown in Fig. 9 . The radiation characteristics of the MIMO antenna are obtained by the two-axis dual-polarization pattern measurement system. In this section, only the results of one horizontal antenna (H1) and one vertical antenna (V1) are reported since the array has asymmetrical arrangement. Figure 10 illustrates simulated and measured radiation patterns (yoz-plane and xoy-plane) of the MIMO LPDA antenna. The co-polarization in both plane are pointing to -y-axis (270°) when ports H1 and V1 is measured, respectively, as shown in Fig. 10 (a, b, c) . But in xoy-plane the co-polarization is pointing to 300° when the port V1 is measured. The radiation beam is directed along the V1 LPDA element, as shown in V1 in Fig. 10 (d,  e, f) , which verified the beam-switching characteristics of the proposed design. The x-polarization in both planes is growing worse with the frequency increase, but not more than -15 dB. Figure 11 illustrates the measured peak gain of the proposed MIMO LPDA antenna when ports H1 or V1 is measured, the average peak gain in the operating UWB band is 7.17 dBi and 7.42 dBi, respectively.
MIMO Performance
The value of ECC represents how the two antennas are coupled to each other. For achieving good channel characteristics and antenna performance, the ECC must be less than 0.05. For a uniformly multipath environment, the ECC between random two LPDA elements can be calculated from the S-parameters (5) 
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The ECC of this MIMO LPDA antenna are sufficiently indicated by LPDA H1 and H2, H1 and V1, V1 and V2 due to the symmetric antenna structure. Figure 12 shows the measured ECC of all horizontal and vertical LPDA elements. Results show that the measured ECC is approximately zero from 3 GHz to 11 GHz.
For MIMO antenna systems, traditional scattering matrix cannot be sufficient to predict the real antenna performance. TARC which takes coupling effect into account has been proposed. In this 12-ports MIMO antenna system, TARC can be calculated from S-parameters (6) [12] , 2 12 12 The TARC of the MIMO LPDA antenna is less than -25 dB for the UWB band, as illustrated in Fig. 12 . 
Conclusion
In this paper, a twelve-port dual-polarized MIMO LPDA antenna for UWB applications in a size of 240 × (150 + 45 3 ) × 45 mm 3 is presented. To obtain high isolation, beam switching and dual-polarized characteristics, six horizontal LPDA elements are placed in rotating arrangement with an equal angle of 60° on an FR4 substrate and other six vertical LPDA elements are inserted into the corresponding slot etched on the diagonal of horizontal plane of the same substrate. In addition, all twelve LPDA elements share a hexagon common ground on the back of the substrate and are fed by micro-strip line. The MIMO antenna was also manufactured, measured results show that the designed MIMO LPDA antenna exhibits an impedance match from 2.8-11 GHz with nearly S 11 < -15 dB, high isolation more than 30 dB, directional radiation pattern, average peak gain of 7.245 dBi, ECC < 0.005 and TARC < -25 dB over the UWB band, which makes it a potential candidate for UWB applications. Furthermore, the proposed MIMO antenna is also a possible candidate in MIMO wireless local area network (WLAN) applications and worldwide interoperability for microwave access (WiMAX) applications. 
